The annual incidence of invasive group A streptococcal (GAS) infections in the United States remains at 3.5/ 100 000 population per year, and mortality ranges between 30% and 60% (reviewed in [1] ). In the approximately 50% of patients lacking an obvious portal of bacterial entry, deep-seeded necrotizing fasciitis/myonecrosis often develops at the site of minor, nonpenetrating trauma or muscle strain, which progresses rapidly to involve an entire extremity. Diagnosis of these "cryptic" infections is often delayed until after shock and organ failure are manifest, causing mortality in this group to approach 85% (reviewed in [1] ).
To alleviate pain after muscle injury, nonsteroidal anti-inflammatory drugs (NSAIDs) are frequently selfprescribed or given in emergency departments. Based on evidence that NSAIDs dysregulate production of the cytokines mediating septic shock, Stevens proposed that NSAIDs may predispose individuals to more severe GAS infection [2] . Since then, multiple retrospective and prospective clinical studies have sought to confirm or refute the NSAID/GAS association but have yielded conflicting results [3] [4] [5] [6] . Our recent experimental studies have shown that the non-COX-selective NSAID ketorolac tromethamine (trade name, Toradol) greatly augments early GAS infection of injured muscle. Because NSAIDs exert their anti-inflammatory activity largely through their ability to inhibit 1 or both isoforms of cyclooxygenase (ie, COX-1 and -2) and because these enzymes are important in early skeletal muscle regeneration after injury [7] and during resolution of infection [7, 8] , the present study elucidated the effects of selective and nonselective NSAIDs, alone and in combination with antibiotic therapy, on outcome of experimental GAS myonecrosis.
MATERIALS AND METHODS

Streptococcus pyogenes Strain
GAS strain ATCC 12384 (M-type 3) was used in this study as we have previously described [9] and is sensitive to both penicillin and clindamycin. GAS was routinely cultured in Todd-Hewitt broth (THB). For use in animals, an overnight culture was diluted 1:10 in fresh THB and grown to mid-log phase (4.5 hours) at 37°C, 5% CO 2 with shaking (100 rpm). Bacteria were collected by centrifugation, washed, and diluted in sterile saline to a final concentration of 0.175-1.4 × 10 9 colony-forming units (CFU)/mL.
Experimental Infection and Treatment Regimens
Female Swiss Webster mice (n = 10/group) were infected intramuscularly in the right thigh muscle with 100 µL of prepared GAS. One hour after infection, animals were treated intraperitoneally with one of the NSAIDs listed in Table 1 . Ketorolac tromethamine, SC-236, and SC560 were given every 8 hours for 72 hours; because of longer half-lives, ibuprofen and indomethacin were given every 24 hours for 72 hours. Control animals received NSAID vehicle (4% dimethyl sulfoxide in phosphatebuffered saline) on the same schedule.
Intraperitoneal antibiotic treatments began 8 hours after infection and continued every 8 hours for 72 hours and included either (1) antibiotic vehicle (sterile saline); (2) penicillin (98 mg/kg; Sigma); (3) clindamycin phosphate (1.7 mg/kg; a 50% effective dose [ED 50 , see below], Hospira) or (4) a combination of penicillin plus clindamycin. These antibiotics constitute the treatments of choice for severe GAS infections [10] . The doses used here were based on our previous studies [9, 11] . Specifically, we have shown that penicillin (at 98 mg/kg) delays mortality, but ultimately fails to protect animals from lethal infection, even when treatment begins immediately after challenge. Thus, any ability of NSAIDs to augment penicillin efficacy should be observable at this antibiotic dose. In contrast, we have shown that clindamycin (at 86 mg/kg) is 80%-100% protective even when treatment is delayed up to 16 hours after challenge. Thus, to demonstrate possible additive or synergistic effects of NSAIDs on clindamycin efficacy, an ED 50 (1.7 mg/kg), established in pilot studies, was used. This dose of clindamycin is approximately 40-fold lower than that used therapeutically in our previous studies.
Studies involving animal subjects were approved by the Institutional Animal Care and Use Committee, US Department of Veterans Affairs Medical Center, Boise, Idaho.
Statistical Analyses
Statistical differences in survival times and rates were performed using a log-rank test and Dunnett method. A P value of <.05 was considered statistically significant. All statistical computations were made in SAS version 9.2.
RESULTS
Mortality Rate in Experimental GAS Myonecrosis is Dose Dependent
The times to 50% and 100% mortality of untreated animals challenged intramuscularly with M-type 3 GAS was clearly inoculum size dependent ( Figure 1 ). The development and severity of localized swelling and necrosis of the fascia, muscle, and foot paralleled the mortality rates (data not shown). At the highest inoculum tested (1.4 × 10 8 CFU), 100% of animals died by day 6. Reducing the inoculum by 2-and 4-fold delayed the time to 100% mortality by 3 and 4 days, respectively. Further reductions in the inoculum size did not result in uniformly fatal infection. These results are in agreement with our previous publications using this model [9, 11] . To increase the likelihood of observing any NSAID effects on the disease course, whether beneficial or detrimental, animals in subsequent treatment experiments were challenged with either 1.4 × 10 8 CFU GAS (100% lethal dose-high [LD 100-high ]) or 0.35 × 10 8 CFU (LD 100-low ).
These inoculum sizes routinely resulted in 100% mortality in 6-8 and 9-10 days, respectively.
Nonselective NSAIDs Increase the Severity of Experimental GAS Infection
Initial experiments examined the effects of ketorolac tromethamine on survival in animals challenged with LD 100-high GAS. As expected, this dose of GAS resulted in fulminant infection in which untreated animals died by day 6 ( Figure 2A ). However, ketorolac tromethamine-treated animals developed a significantly more severe and rapidly progressive disease course resulting in 100% mortality by day 2. Separate studies demonstrated no mortality or overt signs of toxicity in noninfected animals treated with an identical ketorolac tromethamine regimen (data not shown).
To ensure that the results obtained above were independent of both the inoculum size used and the nonselective NSAID chosen, the experiment was repeated using 4-fold less GAS (ie, the LD 100-low dose) and 2 additional nonselective NSAIDs, ibuprofen and indomethacin, one of which-indomethacin-is in a different NSAID chemical subclass (Table 1 ) and is considered "dual acting" (ie, also inhibits 5-lipoxygenase) [12] . Results demonstrated that all 3 nonselective COX inhibitors greatly accelerated the disease progression and significantly shortened the times to 50% and 100% mortality by as much as 4 days (P < .05; Figure 2B ). Interestingly, development of signs and symptoms of systemic illness (scruffy fur, loss of activity) were markedly delayed in indomethacin-treated animals (data not shown); however, upon autopsy all such animals had widespread infection over the thigh, flank, and abdomen, comparable to that observed in animals in the untreated and other nonselective NSAID treatment groups.
Nonselective NSAIDs Reduce Antibiotic Efficacy
Penicillin, clindamycin, or a combination of penicillin and clindamycin were initiated 8 hours after infection with LD 100-high GAS and continued every 8 hours for 72 hours. As expected, all antibiotic treatment regimens demonstrated significant, but transient, therapeutic benefits ( Figure 3) . Specifically, clindamycin, given at an ED 50 , significantly delayed mortality compared to untreated control animals (P < .001), and 20% of the clindamycin-treated animals survived for the full 14-day observation period. Similarly, mortality in the penicillin treatment group was significantly delayed. The combination of penicillin plus clindamycin was also therapeutic, but the disease course and overall mortality were not significantly different than penicillin treatment alone.
Addition of ketorolac tromethamine to the clindamycin regimen shortened the time to 50% mortality by more than 3 days (P < .05), and 100% of animals receiving this combination Figure 1 . Mortality rate in experimental group A streptococcal (GAS) myonecrosis is inoculum size dependent. Swiss Webster mice (n = 10/ group) were challenged intramuscularly with 2-fold decreasing doses of washed, log-phase M-type 3 GAS in the right thigh muscle. Mortality was recorded over a 14-day observation period. Abbreviation: CFU, colonyforming units. 8 (LD 100-low ) washed, log-phase M-type 3 GAS. One hour after infection, animals were treated intraperitoneally with one of the indicated nonselective NSAIDs. NSAID administration continued every 8 hours (for ketorolac tromethamine, 7.5 mg/kg) or every 24 hours (for ibuprofen and indomethacin, 30 and 5 mg/kg, respectively) for 72 hours. Control animals received NSAID vehicle (4% dimethyl sulfoxide in phosphate-buffered saline) on the every 8 hours schedule. Abbreviation: DMSO, dimethyl sulfoxide.
died before day 9 ( Figure 4A) . Similarly, indomethacin shortened the time to 50% mortality in clindamycin-treated animals by approximately 4 days (P < .05), and 100% of animals receiving this combination died by day 13 ( Figure 4A ).
Addition of ketorolac tromethamine or indomethacin to the penicillin regimen ( Figure 4B ) also resulted in a more rapidly progressive infection with statistically greater mortality at day 14 compared to antibiotic treatment alone (P < .05). These NSAIDs also reduced the efficacy of combined clindamycin/ penicillin treatment (data not shown).
Effects of COX-Selective NSAIDs on Severity of GAS Infection
The COX-selective NSAIDs had differing effects on outcome when administered alone or in combination with antibiotics ( Figure 5) . Specifically, when given alone, the COX-1 selective NSAID did not significantly alter the disease process in animals challenged with either the LD 100-high ( Figure 5A ) or LD 100-low (not shown) dose of GAS. In animals challenged with the LD 100-high dose of GAS, the COX-2 selective NSAID did not alter the time to 50% mortality, but significantly shortened the time to 100% mortality compared to untreated controls (3.3 vs 5.7 days, respectively; P < .05; Figure 5B ). The COX-2-selective NSAID was not tested in animals challenged with the LD 100-low dose of GAS.
Differences were also noted when the COX-selective NSAIDs were given in combination with antibiotics. The 14-day survival rates of animals receiving the COX-1-selective NSAID plus clindamycin was 60% compared to 20% in animals receiving clindamycin treatment alone ( Figure 5A ). This COX-1-induced improvement in survival of the clindamycin-treated animals approached, but did not attain, statistical significance (P = .085). Additional experiments performed to increase treatment group size did not improve the significance level. When combined with penicillin, the COX-1-selective NSAID also caused a slight, nonsignificant, improvement in survival ( Figure 5A ). Addition of the COX-2-selective NSAID to the antibiotic treatment regimens did not significantly alter the Figure 3 . Antibiotics delay mortality in experimental group A streptococcal (GAS) myonecrosis. Mice were infected intramuscularly with LD 100-high GAS as described in Figure 2 . Intraperitoneal antibiotic treatments began 8 hours after infection and continued every 8 hours for 72 hours. Antibiotics were (1) penicillin (98 mg/kg; Sigma); (2) clindamycin phosphate (1.7 mg/kg; Hospira); or (3) a combination of penicillin plus clindamycin. Control animals received antibiotic vehicle (sterile saline) on the same schedule. Mortality was recorded over 14 days. Data are pooled from 2 independent experiments with n = 10 mice per treatment group. 
DISCUSSION
Based on their ability to modify the host immune response, a direct role for NSAIDs in development of severe GAS infection was proposed by Stevens in 1995 [2] . This hypothesis was based on the ability of these agents to interrupt the negative feedback loop that limits production of tumor necrosis factor (TNF) α-a key mediator of septic shock. Others argue that NSAIDs merely mask the signs and symptoms of developing infection, such that diagnosis and antibiotic treatment are delayed. Investigators worldwide have performed retrospective and prospective studies to confirm or refute the NSAID/GAS association, yet controversy remains. For example, in one report, 92% of patients with streptococcal toxic shock syndrome (TSS) reported antecedent NSAID use [3] . Similarly, in a case-control study of children with varicella, 42% of patients who developed lifethreatening GAS necrotizing fasciitis used NSAIDs compared to only 15% of patients who developed other, nonnecrotizing soft tissue infections [4] . Yet a different prospective study in children with primary varicella demonstrated only a slightly increased risk of GAS infection in those receiving both acetaminophen and ibuprofen vs controls [5] , causing the authors to doubt the NSAID/GAS association. A 2003 literature review by Aronoff and Bloch concluded that prospective studies do not support a risk of developing GAS necrotizing fasciitis as a result of NSAID therapy, or a worsening of established streptococcal infection [6] . However, a more recent prospective epidemiologic study in the United Kingdom demonstrated that use of NSAIDs was independently associated with increased risk for streptococcal TSS [13] . Several case reports and larger casecontrol studies have demonstrated that NSAIDs contribute to severe infections caused by pathogens other than GAS [14] [15] [16] . For example, a recent retrospective study found a strong association between NSAID use and severe necrotizing soft tissue infection in which 47% were caused by GAS, 23% were caused by staphylococci, and the remaining cases were caused by various gram-negative species [14] .
Thus, a preponderance of clinical evidence suggests that NSAIDs may contribute to worse outcomes in bacterial infections, including necrotizing infections caused by GAS. Despite this evidence, there is an increasing trend in clinical practice, supported by some experimental data, to include NSAIDs as treatment adjuncts for bacterial skin and soft tissue infections.
The present study investigated the effects of selective and nonselective NSAIDs in a well-established murine model of GAS myonecrosis [9, 17] in which NSAIDs were initiated 1 hour after bacterial challenge and 7 hours prior to antibiotic treatment. This design mimics the human scenario in which NSAID administration (usually nonselective NSAIDs) often precedes antibiotic therapy. This is because physicians frequently do not suspect an existing deep necrotizing soft tissue infection when the patient initially presents, especially in the approximately 50% of cases that lack an obvious portal of bacterial entry [18] . In these cryptogenic GAS infections, patients are prescribed NSAIDs for the associated pain and sent home. Only after the patient returns to the emergency department Figure 5 . COX-selective, nonsteroidal anti-inflammatory drugs (NSAIDs) do not increase severity of experimental group A streptococcal (GAS) myonecrosis or reduce antibiotic efficacy. Mice were infected with lethal dose-high (LD 100-high ) GAS as described in Figure 2 . A, COX-1 selective (SC-560, 6 mg/kg) or B, COX-2 selective (SC-236, 2 mg/kg) NSAIDs (or NSAID vehicle) were administered intraperitoneally 1 hour after infection and continued every 12 hours for 72 hours. Penicillin or clindamycin (or antibiotic vehicle) were begun 8 hours after infection and continued every 8 hours for 72 hours. Mortality was monitored for 14 days. Abbreviation: DMSO, dimethyl sulfoxide.
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Our current findings, and those from our prior work [19] , clearly demonstrate that nonselective NSAIDs augment both the initiation of this infection and directly worsen the disease process once infection is established. This conclusion is supported by findings of Weng et al [20] in which the nonselective NSAID ibuprofen significantly increased mortality in animals challenged intramuscularly with a sublethal dose of GAS. Furthermore, our results demonstrate that the addition of commonly used nonselective NSAIDs to different therapeutic antibiotic regimens significantly reduces antibiotic efficacy. Together, these findings strongly support the notion that in GAS soft tissue infections, nonselective NSAID administration shifts the host/pathogen interaction in favor of the pathogen, and that once infection is established, even a brief exposure to such NSAIDs limits antibiotic efficacy and contributes to worse outcome.
We further show that early administration of a COX-2-selective NSAID has little beneficial effect on the disease course or outcome of infection. These results contrast with other experimental murine infection studies in which strategies targeting COX-2 provided protection against group B streptococcus peritonitis [21] , Pseudomonas aeruginosa pneumonia [22] , and of particular interest, GAS bacteremia [23] . In the latter study, Goldmann et al [23] found that the COX-2 expression levels in C3H/HeN mice with GAS bacteremia (of unspecified M-type) strongly correlated with the severity of infection, and that genetic ablation of COX-2 or treatment with a COX-2-selective NSAID significantly delayed, but did not ultimately prevent, mortality [23] . In each of these studies, the authors concluded that COX-2-selective NSAIDs hold potential as an adjunct to antibiotic therapy for treatment of severe infections, especially those caused by antibiotic-resistant organisms. In contrast to the present work, these studies administered the COX-2-selective NSAID prior to bacterial challenge. The various routes of bacterial administration may also account for the differences in outcomes with COX-2 inhibitors.
Our present data also demonstrate a trend toward improved outcome in animals receiving antibiotics plus the COX-1-selective NSAID. This suggests there may be potential benefit from addition of COX-1-selective NSAIDs to antibiotic regimens for the treatment of soft tissue infection caused by GAS. This notion is supported by studies demonstrating that COX-1 is the predominant prostaglandin-generating cyclooxygenase isoform that is active during infection [24] , and that pharmacologic blockade of COX-1 improves neutrophil-mediated clearance of pathogens, especially when used in combination with antibiotics [21] . However, the precise role of COX-1 in severe GAS soft tissue infection requires further study.
The question remains as to how nonselective, but not COXselective, NSAIDs augment the initial GAS infection of injured muscles [19] , and increase mortality and reduce antibiotic efficacy in experimental GAS myonecrosis (this study). Nonselective NSAIDs inhibit both isoforms of cyclooxygenase, and recent evidence suggests that COX-1 and COX-2 each contribute in unique and in overlapping ways to the acute and resolution phases of the inflammatory response (reviewed in [25] ). Some NSAIDs have pharmacologic effects other than the inhibition of COX activity-including the abilities to inhibit the transcription factor NFkB and to activate the nuclear peroxisome proliferator-activated receptors (PPAR) α and γ. When activated on macrophages, PPAR-γ downregulates proinflammatory cytokine production and increases nonphlogistic (proresolution) phagocytosis. Whether our results with nonselective NSAIDs are mediated by these activities remains to be determined.
Differences between our results and those of Goldmann et al [23] could also be attributed to the mouse species chosen for study. As in humans, different mouse species vary in their susceptibility to GAS [26, 27] . This variation is marked among inbred mouse strains and appears related to a genetically programmed immune bias toward either T-helper (Th) 1-or Th2-type responses, resulting in high levels of interferon-γ/ interleukin [IL]-2/TNF-α vs IL-4/IL-10/IL-13, respectively. Such an immune bias is also manifested as a predisposition toward 1 of 2 macrophage phenotypes ( proinflammatory M1 and anti-inflammatory M2). For example, C57BL6 mice are resistant to GAS bacteremia [26, 27] and display a Th1/M1 bias [28] , whereas DBA/2 mice are highly GAS susceptible [26, 27] and are Th2/M2-biased [28] . In addition to the Th1/M1 cytokine bias, GAS-resistant mice also demonstrate a relative downregulation of both prostaglandin E synthase genes (ie, cyclooxygenases 1 and 2) postchallenge compared to susceptible strains [27] . Weng et al [20] used Balb/c mice (Th2/M2 bias) and showed that NSAIDs worsened GAS mortality, whereas Goldmann et al [23] used C3H/HeN and wild-type C57BL/6 mice (each with Th1/M1 bias) and saw protective NSAID effects. The present study used Swiss Webster outbred mice that are presumably unbiased. However, experimental injuryassociated cryptic GAS infection in these mice results in a high level of IL-4 gene expression in infected muscles, suggestive of an M2 bias (author's unpublished observations). Thus, the apparent dichotomous ability of NSAIDs to either worsen or improve GAS infection in mice may depend, at least in part, on the host's genetically predetermined response to infectious stimuli.
In summary, NSAIDs are important anti-inflammatory and analgesic drugs; however, the marked differences in outcomes of experimental infection suggest that the host's genotype, the etiologic agent, the site and/or stage of infection, the NSAID chosen, and its timing of administration relative to the onset of infection may each influence the end result, suggesting that more study is required before the general use of NSAIDs to treat human bacterial infections can be advocated.
Specifically with respect to GAS soft tissue infection, our data suggest that nonselective NSAIDs, given early in the course, do more than simply mask the signs and symptoms of developing infection. Instead, these agents enhance GAS infection of injured tissues [19] and dramatically accelerate GAS disease progression in established soft tissue infection. Even short-term exposure to such NSAIDs has lasting and profound deleterious effects on antibiotic efficacy. Although additional studies are required to elucidate the mechanisms responsible, physicians should be alert to possible complications in patients with suspected or established GAS soft tissue infection who take nonselective NSAIDs, even in conjunction with appropriate antibiotics.
Notes
